Introduction
Laser-induced plasma spectrometry (LIPS) is expected to be a new analytical technique suitable for the direct analysis of various materials without any sample pretreatment. 1 A Qswitched Nd:YAG laser, which is irradiated onto a sample surface during a very short period but with a large power density, produces a pulsated laser-induced plasma (LIP) at the repetition frequency of the laser. Sample atoms are ejected from the surface due to laser ablation and are subsequently ionized and excited in LIP; therefore, the LIP acts as an excitation source as well as a sampling source to give a simple analytical method for atomic emission spectrometry. LIPS can thus be employed for on-line/on-site process control in various industries. 2 The pulse-like LIP is a transient phenomenon having temporal as well as spatial variations.
3 Figure 1 illustrates the expansion process of a single LIP schematically. The pulse duration of conventional Nd:YAG lasers is ca. 10 ns. Immediately after the laser is irradiated, a hot breakdown zone is produced on the sample surface, and then expands towards the surrounding gas for a duration time of several 1000 ns. The emission intensity is drastically varied within a single LIP, and it is thus hard to find the optimum conditions for observing it with good precision. The excitation processes may also be changed for a very short duration period, as described later.
The characteristics of the LIP are determined by various experimental parameters, such as the kind and pressure of the plasma gas employed. [3] [4] [5] [6] [7] We reported on LIP images of copper emission lines with spatially-resolved spectrometric techniques by using a two-dimensional imaging spectrometer 3 or interference filters, 8 which yielded information on the overall variations of the plasma expansion. However, these spatiallyresolved measurements cannot be employed for spectrochemical analysis, because they provide only the emission image at a A time-resolved spectrometric measurement was conducted to determine temporal variations in the excitation temperature within a single laser plume caused by a Nd:YAG laser plasma. The two-line method using copper atomic lines was employed to estimate the excitation temperature. Two line pairs of copper lines: Cu I 521.82/Cu I 510.55 and Cu I 515.32/Cu I 510.55, were measured by using an Echelle spectrograph equipped with an ICCD detector having a highspeed gating. The excitation temperature was gradually elevated with the progress of the plasma expansion. This result cannot be explained from a direct excitation model in which excited species are principally produced through collisions with energetic particles, but from an indirect excitation model in which second-kind collisions with argon metastables and subsequent step-wise de-excitations produce the excited species. In the latter case, high-lying states of copper atoms are more populated compared to the population expected from the Boltzmann distribution. Temporal variations in the emission intensities of copper atomic lines requiring large excitation energies were also measured, and their emissions remained even in the expansion stage of the laser-induced plasma. This result also implies the over-population of highlying copper excited levels. 9,10 The timeresolved spectra also yield temporal variations in the physical parameters for plasma diagnostics, such as the excitation temperature, to understand the excitation processes of the LIP occurring along with the plasma expansion.
Temporal Variations in the Excitation
For this measurement, we need a high-speed spectrometer system to resolve the ns-order phenomenon, which has the ability to measure emission spectra over a wide wavelength range with a high speed gating.
In this study, we investigated temporal variations in the excitation temperature of LIP within a single laser shot, by using an Echelle spectrograph equipped with an ICCD detector. The excitation temperature was estimated by the two-line method using copper atomic emission lines. We noted that the energy level diagram of copper atom includes several predominant auto-ionization levels (highly-lying excited levels located above the first ionization potential), which may act as energy receivers in excitations of copper atoms. The excitation mechanism occurring in the Cu LIP was discussed based on the temperature variations as a function of the delay time for observations. Figure 2 shows a schematic diagram of the apparatus. A Nd:YAG laser (LOTIS T II U LS-2135, Japan) was employed at a wavelength of 532 nm (SHG mode). A laser energy of 70 mJ/pulse was set to obtain sufficient sample ablation. A pulse duration of about 10 ns and a repetition rate of 10 Hz were employed. A spherical lens with a 200-nm focal length was used to focus the laser beam onto the target surface. The energy of the pulsed laser was measured using a thermopile absorber and a laser power/energy monitor (OPHIR JAPAN 3A-P-CAL, NOVA, Japan). Temporal variations in emission signals from the LIP were monitored on a Mechelle spectrometer system, which comprised an Echelle spectrometer (Model ME5000, Andor, USA) and an ICCD detector (Model DH 735, Andor, USA). The spectral resolution was ca. 0.1 nm. The emission signal was collected from the whole LIP portion on the entrance port of the optical fiber, with a hemi-spherical lens having a focal length of 30 mm. The measurements were conducted at a fixed gate width of 50 ns when the delay time was varied from 200 to 6000 ns.
Experimental
High-purity argon (>99.99995%) was introduced as the plasma gas after evacuating the chamber to below 7 Pa. The pressure was monitored with a Pirani gauge (GP-2, ULVAC Corp., Japan) and a capacitance manometer (MK 11B-2-P and 127AA-001003, NKS Instruments Inc., USA), which were placed between the evacuation port and rotary vacuum pump (GLD-166, ULVAC Engineering Inc., Japan). The plasma gas was flowed during the measurement, while keeping the chamber pressure between 670 and 27000 Pa.
High-purity copper plates (99.99%) were used as the sample. The sample plate was polished with water-proof abrasive papers and then fixed at the sample port of the chamber. After the surface was cleaned using the first 100 laser shots, the emission signal was averaged during the next 100 shots and stored in a personal computer.
Results and Discussion
We employed two pairs of copper atomic lines having different excitation energies, as summarized in Table 1 . 11 They have been used for estimating the excitation temperature for arc and spark discharge plasmas. 12 The corresponding excitation temperature can be calculated based on Boltzmann statistics under the assumption of local thermodynamic equilibrium. 12 The intensity Figure 3 shows temporal variations in the excitation temperature as a function of the delay time when argon is introduced at several gas pressures. Immediately when the plasma breakdown occurred, it was difficult to observe these copper emission lines separated from the corresponding background level because a very intense background continuum was irradiated. Therefore, the excitation temperatures were estimated after a delay time of 200 ns. At smaller argon pressures (670 and 1300 Pa), the excitation temperatures are rapidly elevated up to a delay time of ca. 1500 ns and are a little varied during the prolonged delay time (more than 3000 ns), whereas, at argon pressures of more than 6700 Pa, the excitation temperatures monotonically increase along with the delay time, and then reach constant values up to a delay time of 6000 ns. It is considered that LIP becomes cooled down with the progress of the plasma expansion: the kinetic energies of gas particles (gas temperature) should be reduced through various collisions. Gomes et al. reported that the gas temperature of an LIP, which was evaluated from a Boltzmann plot of iron atomic lines having small excitation energies, was monotonically declined with increasing the delay time, and that this result could be well explained by a model for the gas expansion. 13 Their result disagrees with the behaviors shown in Fig. 3 ; therefore, our experimental results cannot be explained simply from the gas temperature of the LIP, but the excitation processes of each emission line should be taken into account.
Direct coupling with a pulsed laser having a very high power density occurs in the breakdown zone, and therefore gas species and electrons having large kinetic energies are produced, and then collide with surrounding gas particles. Also, sample atoms, which are ablated from the surface, are actively excited through various collisions with highly-energetic particles, such as electrons and gas species having large kinetic energies (collision of the first kind), 14 leading to strong emissions of the sample species, as illustrated in Fig. 1 . Because no energy is supplied during the plasma expansion, the collisions of the first kind result in a decrease in the average kinetic energy of particles in the plasma (gas temperature). Therefore, the variations shown in Fig. 3 cannot be explained when the collision of the first kind would be a dominant excitation mechanism.
After the breakdown plasma zone expands upward, the number density of the highly-energetic particles should be reduced rapidly; therefore, the collisions of the first kind less contribute to the excitation of the sample atoms. Alternatively, collisions with particles having internal energies, such as argon metastables, would cause excitation of the sample atoms (collisions of the second kind), 14 because such metastable particles survive in the expanded plasma. Excited species of copper atoms can be produced through the collision with the argon metastables: 3p 
where Ar m is an argon atom in the metastable state and Cu* is an excited state of copper atom. Because the argon metastables have long lifetimes, they act as energy donors in the expansion zone of LIP.
Some of highly-excited copper atoms (having large internal energies) can be still excited during the plasma expansion, because the metastable argon species have sufficient internal energy for copper atoms to be excited to the high-lying excited levels. Copper atom has several dominant auto-ionization energy levels; therefore, such excited levels could be produced through the collisional reaction of Eq. (1). These excited species of copper generally have longer life-time due to their complicated de-excitation channels: Cu* ae AE Cu** + hn ae AE Cu*** + hn¢···
As a result, the emission from the highly-excited species can be predominantly observed during the plasma expansion. This kind of excitation does not follow the local thermodynamic equilibrium; therefore, the excitation temperature, which is estimated from highly-excited species, would be different from the gas temperature representing the average kinetic energy of the plasma. Lots of copper atomic lines having large excitation energies, together with a few copper ionic lines, were observed in the wavelength range from 400 to 500 nm. These atomic copper lines remained the emission even at delay times of more than 5000 ns after the breakdown, while the ionic lines disappeared rapidly. As a typical example, Fig. 4 shows temporal variations in the emission intensity of the Cu I 458.68 nm (8.82 eV), and delay time of ca. 1500 ns) and remain for a prolonged duration time. The excitation of the ionic line is principally caused by the direct excitation (collision of the first kind), while particles having large kinetic energy still survive at the breakdown zone, because the excitation for the Cu II 493.16 nm requires an energy of 34.58 eV, corresponding to the sum of the first ionization potential (7.726 eV) 11 and its excitation energy. On the other hand, excitation of the atomic line can be also caused by the indirect step-wise de-excitation process denoted in Eq. (2), which can occur even in the expansion zone. The pressure variations of the Cu I and the Cu II intensities, as shown in Figs. 4 and 5, are derived from different major collision processes for each excitation. The intensity of the Cu I line is elevated for the prolonged delay time with increasing argon pressures, which results from the increased population of metastable argon when the pressure is raised. On the other hand, the intensity of the Cu II line disappears more rapidly at larger argon pressures. This effect is principally because energitic particles causing the excitation are lost through collisions with the surrounding gas. Figure 6 illustrates a simplified energy level diagram for explaining possible de-excitation channels in which highly-lying excited levels are involved. The argon metastables enable copper atoms to be excited to the high-lying excited species even if a few particles having large kinetic energies remain in the expansion stage of LIP, and the de-excitation of these highlying states populates lower excited species through step-wise de-excitation processes. In fact, emission lines of the copper atom assigned to these high-lying excited levels could be observed at delay times of more than 10000 ns. The variation in the excitation temperature, as shown in Fig. 3 , could be explained by an over-population of the higher excited levels, resulting from various step-wise de-excitation processes in the region of the expanded plasma. Also, the pressure dependence of the excitation temperature would be derived from the temporal distribution of these excited levels in the LIP. We have already revealed with a spatially-resolved measurement that the whole image of copper LIPs becomes more concentrated and intense with increasing gas pressures. 3 At smaller argon pressures, the plasma is expanded more rapidly with fewer interactions with argon atoms; therefore, collisions with argon metastables, which are left in the expanded zone, act as a dominant excitation process at an earlier stage of the pulse-like plasma as the gas pressure is more reduced.
Conclusions
In pulsed LIPS, temporal variations in the emission intensity of copper atomic lines were measured by using an Echelle spectrograph equipped with an ICCD detector, and the excitation temperature of the LIP was estimated under the assumption of a Boltzmann distribution among different energy levels of copper atom. We observed that the excitation temperature was gradually elevated with increasing duration time after the breakdown. Such temperature variations could not be explained from the direct excitation model (collision of the first kind) in which energetic particles produced at the breakdown zone are involved. This implies that high-lying excited levels are overpopulated compared with the Boltzmann distribution. Therefore, any excitation processes causing their overpopulation should be considered. The high-lying levels of copper atoms can be more populated by the second-kind collision with the argon metastables and the subsequent step-wise deexcitations, which affects the emission intensities of the copper lines for the temperature estimation. The laser-induced plasma does not follow the Boltzmann distribution, at least in the expansion stage of the plasma. It is an important aspect to understand the excitation mechanisms occurring in the pulsed LIP. 
